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Introduction {#Sec1}
============

Type 1 diabetes is an autoimmune disease caused by destruction of pancreatic beta cells leading to severe insulin deficiency. Most attempts to prevent, slow or reverse the disease process have been unsuccessful \[[@CR1]--[@CR3]\], although recent clinical trials undertaken with the humanised anti-CD3 reagent teplizumab suggest that targeted interventions can be effective \[[@CR4]\]. One obstacle to the development of still more effective therapeutic approaches is a continuing incomplete understanding of the aetiopathology of the disease at the level of the pancreas. Therefore, to address this, we have made use of both the Network of Pancreatic Organ Donors (nPOD) biobank of organ donor pancreas samples collected in the USA and a separate, unique, collection of pancreases recovered from young people close to the clinical onset of type 1 diabetes from the UK \[[@CR5], [@CR6]\]. In particular, we have adopted a histological approach to consider an important question raised by emerging data (reviewed recently by Battaglia et al \[[@CR7]\]) which imply that type 1 diabetes may not represent a single disease but that distinct endotypes exist. This concept is of critical importance since, if verified, it suggests that different immunotherapeutic approaches will be required to achieve successful intervention in specific groups of patients.

Previously, we described the existence of two discrete histological profiles of pancreatic insulitis that associate strongly with age at diagnosis of type 1 diabetes \[[@CR8], [@CR9]\]. In principle, these data are consistent with the existence of disease endotypes but such a conclusion must be substantiated by the assessment of additional variables. Therefore, we have now adopted an entirely independent approach to evaluate more fully whether disease endotypes can be distinguished at the level of the human pancreas. To achieve this, we have studied the processing of proinsulin in the islets of children and young people with recent-onset type 1 diabetes since elevations in circulating proinsulin have been correlated with age at diagnosis in individuals recently diagnosed with type 1 diabetes \[[@CR10]--[@CR12]\]. More specifically, we have assessed the intracellular distribution of proinsulin and insulin in the islets of individuals across three age ranges (\<7 years, 7--12 years, \>13 years). This analysis was undertaken in a blinded manner and the results then correlated with the profile of infiltrating immune cells in the islets of these same individuals. We have also examined whether the circulating proinsulin:C-peptide ratio measured in individuals with longer-standing type 1 diabetes and diagnosed across these same age ranges mirrors the histological changes seen in the pancreas.

Methods {#Sec2}
=======

Pancreas samples for histopathological analysis {#Sec3}
-----------------------------------------------

Pancreatic samples for study of immune cell infiltration were described previously \[[@CR8], [@CR13]\] and details are given in electronic supplementary material (ESM) Tables [1](#MOESM1){ref-type="media"}--[3](#MOESM1){ref-type="media"}. Pancreatic samples for study of proinsulin and insulin co-localisation were obtained from within the Exeter Archival Diabetes Biobank (EADB) or the nPOD collection. With one exception, patients with recent-onset type 1 diabetes in whom the localisation of proinsulin and insulin were studied had been diagnosed under 20 years of age (median 10.5 years, IQR 6.25--18.00 years). A total of 19 patients with recent-onset (\<2 years' duration) type 1 diabetes (ESM Tables [1](#MOESM1){ref-type="media"} and [4](#MOESM1){ref-type="media"}) and 13 with longer-duration (\>5 years) disease were studied (ESM Tables [3](#MOESM1){ref-type="media"} and [5](#MOESM1){ref-type="media"}) with full ethics approval (West of Scotland Research Ethics Committee, reference: [@CR15]/WS/0258).

Staining of pancreatic samples {#Sec4}
------------------------------

### Immunostaining for insulin and proinsulin {#FPar1}

Pancreas sections were immunostained for insulin and proinsulin using standard immunofluorescent protocols. Staining was achieved with validated antibodies that were highly selective for proinsulin or mature insulin (ESM Table [6](#MOESM1){ref-type="media"}). Insulin-containing islets (ICIs, *n* = 488) were studied across the 32 samples to establish the co-localisation profiles. The sections were imaged via a Leica DMi8 confocal microscope (Leica Microsystems \[UK\], Milton Keynes, UK) and the distribution of proinsulin and insulin examined in multiple islets using ImageJ (JACoP plugin \[[@CR14]\]; ImageJ, Bethesda, MD, USA). For analysis of proinsulin:insulin localisation profiles in the islets of each individual, images were analysed in a blinded manner among individuals across the age ranges studied and samples were selected arbitrarily in random order for analysis. The Manders overlap coefficient (MOC) is the method of choice for establishing the extent of co-localisation of two proteins and was calculated as an index of the extent of co-localisation of proinsulin with insulin \[[@CR15]\].

### Insulitis profiling {#FPar2}

Sections from each case were also immunostained to detect CD4^+^, CD8^+^ and CD20^+^ cells using validated antibodies, as described previously \[[@CR8], [@CR9]\]. Primary antibodies are listed in ESM Table [6](#MOESM1){ref-type="media"} and the immunohistochemical analysis was performed using Agilent/DAKO Envision reagents (Agilent Technologies, Cheadle, Cheshire, UK) or Alexafluor fluorophores (ThermoFisher, Loughborough, UK) with or without the Tyramide SuperBoost (ThermoFisher) protocol. Immunophenotyping was achieved as described previously \[[@CR8]\].

C-peptide, proinsulin and antibody measurement in living individuals with long-duration disease {#Sec5}
-----------------------------------------------------------------------------------------------

We examined 171 individuals with long-duration type 1 diabetes (\>5 years) to assess their serum C-peptide, proinsulin and proinsulin:C-peptide ratio. We recruited these participants as part of the Type 1 diabetes, Immunology, Genetics and endogenous Insulin production (TIGI) study, designed to study associations of persistent C-peptide in type 1 diabetes, and their clinical details are given in ESM Table [7](#MOESM1){ref-type="media"}. All participants were diagnosed under 30 years, had a clinical diagnosis of type 1 diabetes and were insulin treated from diagnosis. Patients were included if their original diagnosis was made at ages \<7 years (*n* = 87) or ≥13 years (*n* = 84). We measured stimulated serum proinsulin and C-peptide 90 min after a mixed-meal tolerance test. We compared proinsulin levels and proinsulin:C-peptide ratio in people with long-duration type 1 diabetes with routine clinical samples from 39 people without diabetes (age range 3--25 years). All participants provided informed consent and the National Research Ethics Service Committee South West approved the TIGI study (13/SW/0312).

Biochemical analyses {#Sec6}
--------------------

Serum C-peptide was analysed using a direct electrochemiluminescence immunoassay on the 602 module of the COBAS 8000 platform (Roche Diagnostics, Mannheim, Germany). The limit of detection was 3.3 pmol/l and intra assay CV \<4.7%. Proinsulin was measured using the TECO Medical Intact Proinsulin ELISA kit (TECO, Sissach, Switzerland) on the Dynex DS2 analyser (Dynex Technologies, Chantilly, VA, USA). Limit of detection was 0.3 pmol/l; intra assay precision \<7.5% (full details are provided in the ESM Validation Method). C-peptide and proinsulin results below the limit of the assay were recorded as 2.9 pmol/l and 0.29 pmol/l, respectively. Proinsulin:C-peptide ratio was calculated only for those who had at least one detectable value. The assumption that the undetectable analyte (most commonly C-peptide) was just below the lower limit of assay detection provided a conservative estimate of proinsulin:C-peptide ratio.

Statistical analysis {#Sec7}
--------------------

The distribution of proinsulin and insulin in the pancreatic samples from the different age groups at diagnosis was compared using the Kolmogorov--Smirnov test. In samples from living individuals, differences in C-peptide and proinsulin:C-peptide ratio between subgroups were compared using the Mann--Whitney *U* test. Data are presented in dot plot format showing individual values with median and interquartile ranges. Groups were considered statistically different where the *p* value was \<0.05.

Results {#Sec8}
=======

Examination of proinsulin distribution in the islets of children diagnosed with type 1 diabetes at different ages {#Sec9}
-----------------------------------------------------------------------------------------------------------------

When analysed in a blinded manner, two strikingly different patterns of proinsulin immunostaining were seen in the pancreases of children and young people recently diagnosed with type 1 diabetes. In one group, proinsulin was predominantly distributed within a perinuclear compartment that was largely devoid of insulin immunostaining, whereas mature insulin was localised more widely within the cytoplasm (Fig. [1a](#Fig1){ref-type="fig"}). Accordingly, the median MOC was \<0.5. In a second group, the immunostaining pattern was strikingly different in that proinsulin and insulin were unexpectedly co-localised throughout the cytoplasm of the beta cells (Fig. [1b](#Fig1){ref-type="fig"}). This was reflected in a median MOC for co-localisation of the two antigens of \>0.5.Fig. 1Fluorescence micrographs showing (**a**) Islet in which proinsulin and insulin are segregated. Enlarged region (dotted square in upper panel) is shown in the lower panel. (**b**) Islet with aberrant proinsulin processing. Enlarged region (dotted square in upper) is shown in lower panel. Green, insulin; red, proinsulin; yellow, co-localisation of the antigens. Scale bar, 20 μm

Examination of the demographic features of the people falling within the histologically distinct groups revealed that the children in whom most ICIs displayed high proinsulin--insulin co-localisation (MOC \>0.5) were in the younger age group (under 13 years). More specifically, all five individuals diagnosed at \<7 years had high proinsulin--insulin co-localisation (MOC: median 0.794, IQR 0.625--0.913) whereas six of seven individuals diagnosed ≥13 years had low proinsulin--insulin co-localisation (MOC: median 0.175, IQR 0.10--0.35; *p* \< 0.0001) (Fig. [2](#Fig2){ref-type="fig"}). This age distribution is strongly reminiscent of the age profiles defining the two immune cell phenotypes reported previously in the inflamed islets of young people \[[@CR8]\]. Hence, in children aged \<7 years or ≥13 years at diagnosis, there was a strong correlation between the insulitis profiles defined previously as 'CD20Hi' or 'CD20Lo' \[[@CR8]\] and the patterns of proinsulin immunostaining (Fig. [2](#Fig2){ref-type="fig"}). Children diagnosed at \<7 years and designated as 'CD20Hi' displayed unexpectedly high levels of proinsulin--insulin co-localisation. By contrast, those diagnosed ≥13 years ('CD20Lo') had minimal proinsulin:insulin co-localisation in most islets (Fig. [2](#Fig2){ref-type="fig"}). Study of the proinsulin--insulin profiles seen in individuals of equivalent ages (either \<7 years or ≥13 years) who did not have type 1 diabetes, revealed that very few islets were present in which proinsulin co-localised with insulin (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Dot plot showing distribution of the MOC (a measure of proinsulin--insulin co-localisation) in individual islets from pancreas samples obtained within 2 years of diagnosis of type 1 diabetes for individuals with disease onset at \<7 years, 7--12 years and ≥13 years. Individuals in each age group were separated into CD20Hi (red) and CD20Lo (blue) subgroups, respectively. Data from control individuals without diabetes are presented as grey circles for those aged \<7 years (far left) or ≥13 years (far right). Black horizontal bars represent median values for each group

In practice, among those diagnosed at ≥13 years the pattern of proinsulin distribution was more complex in that two distinct subpopulations of residual ICIs were usually present (Figs [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}). As explained above, proinsulin and insulin were confined to separate intracellular compartments in the majority of islets while co-localisation of the antigens was seen in a small number of islets in each case. Thus, with only one exception (Sc57) the presence of these two clearly separable subpopulations of islets was characteristic of individuals diagnosed at the older ages in the pancreas sections studied (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3(**a**) Dot plots showing the distribution of the mean MOC for islets within each individual. Individuals were grouped by age at diagnosis (with each age range separated by blue lines) and according to their immune cell profiles (whether CD2Hi or CD20Lo; using the grey dashed line). (**b**) Scatterplot of the number of CD20^+^ cells per ICI arranged by median, and plotted against the mean MOC for islets in each case. Different age ranges indicated by the fill colour: red, \<7 years; purple, 7--12 years; blue, ≥13 years

Individuals in the intermediate age group at diagnosis (7--12 years) have one or other of the histological phenotypes seen in those diagnosed \<7 or ≥13 years {#Sec10}
--------------------------------------------------------------------------------------------------------------------------------------------------------------

A question arising from these observations is whether the correlation between immune phenotype and proinsulin distribution seen in children diagnosed at \<7 years vs those diagnosed ≥13 years was retained within the intermediate age group (i.e. among those diagnosed at 7--12 years). We found that the proinsulin distribution in the ICIs of children aged 7--12 years at diagnosis with a CD20Hi immune profile replicated those diagnosed at \<7 years (Figs [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}). By contrast, the pattern seen in children who had a CD20Lo immune profile replicated those diagnosed at ≥13 years (Figs [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}). This segregation of the 'CD20' and proinsulin--insulin co-localisation phenotypes (Fig. [3b](#Fig3){ref-type="fig"}) supports the conclusion that childhood-onset type 1 diabetes comprises distinct endotypes.

Proinsulin--insulin co-localisation phenotypes in pancreases from individuals with long-term type 1 diabetes diagnosed at \<7 or ≥13 years {#Sec11}
------------------------------------------------------------------------------------------------------------------------------------------

Immunohistological studies in longer-term type 1 diabetes (\>5 years' duration) were also undertaken but were inevitably limited by the fact that many fewer residual ICIs are present at the time of death than at disease onset \[[@CR6]\]. This is particularly true among those diagnosed at \<7 years, where only 17% of individuals retain any ICIs (vs 48% in those diagnosed at ≥13 years; ESM Fig. [1](#MOESM1){ref-type="media"}). Therefore, for studies in longer duration patients we used pancreas samples from both the EADB and nPOD collections (ESM Tables [3](#MOESM1){ref-type="media"} and [5](#MOESM1){ref-type="media"}).

The pattern of proinsulin--insulin co-localisation found in those with longer duration of disease varied from that seen close to diagnosis, with a reduction in the proportion of islets having high proinsulin--insulin co-localisation (Fig. [4](#Fig4){ref-type="fig"}). In those diagnosed at ≥13 years, a higher proportion of ICIs persisted (ESM Fig. [1](#MOESM1){ref-type="media"}) and proinsulin--insulin co-localisation was minimal (Fig. [4](#Fig4){ref-type="fig"}).Fig. 4Dot plot showing distribution of the mean MOC for islets in pancreas samples from individuals with long duration of type 1 diabetes (≥5 years' duration) and originally diagnosed at \<7 years (*n* = 3; red) and ≥13 years (*n* = 10; blue). Black bars represent median values for each group

Differences in serum C-peptide and proinsulin in individuals with long-term type 1 diabetes diagnosed at \<7 or ≥13 years {#Sec12}
-------------------------------------------------------------------------------------------------------------------------

In order to discover whether the histological differences in the pancreas correlate with relevant clinical variables, circulating proinsulin and C-peptide concentrations were measured in individuals with longer-term type 1 diabetes (≥5 years) within the two distinct age groups (diagnosed at \<7 years or ≥13 years of age; ESM Table [7](#MOESM1){ref-type="media"}). The patients who were diagnosed at \<7 years had much lower stimulated C-peptide levels than patients diagnosed at ≥13 years (Fig. [5](#Fig5){ref-type="fig"}; median \<3 pmol/l, IQR \<3 to \<3 vs 34.5 pmol/l, IQR \<3--151; *p* \< 0.0001). Approximately 70% had detectable proinsulin (72% of the \<7 years group and 67% of the ≥13 years group, *p* = 0.4) with a median proinsulin level of 0.45 pmol/l (IQR \<0.3--0.8) in the \<7 years group vs 0.5 pmol/l (IQR \<0.3--1.6) (*p* = 0.3) in the \>13 years group (ESM Table [7](#MOESM1){ref-type="media"}). 62% had detectable proinsulin even in the absence of detectable C-peptide. Strikingly, the median proinsulin:C-peptide ratio was significantly increased in those diagnosed at \<7 years compared with individuals diagnosed at ≥13 years (Fig. [6](#Fig6){ref-type="fig"}) (0.18, IQR 0.10--0.31 vs 0.01, IQR 0.01--0.10; *p* \< 0.0001) and control individuals without diabetes (0.003, IQR 0.002--0.005; *p* \< 0.0001). Absolute proinsulin values are shown in ESM Fig. [2](#MOESM1){ref-type="media"}. These data suggest that clear phenotypic differences can be detected in the blood of the two type 1 diabetes groups defined by age of diagnosis.Fig. 5Dot plot showing 90 min stimulated C-peptide values in individuals diagnosed at \<7 years (*n* = 87; red) or ≥13 years (*n* = 84; blue). Black bars represent median values for each groupFig. 6Dot plot showing the proinsulin:C-peptide ratio in individuals with at least one detectable value for those diagnosed with type 1 diabetes \<7 years (*n* = 62; red) or ≥13 years (*n* = 70; blue) and for control individuals (*n* = 39; grey). Black bars represent median values for each group

Discussion {#Sec13}
==========

Our results strongly suggest that type 1 diabetes exists as distinct conditions that segregate according to age at diagnosis and are distinguishable histologically. They can be defined by the profile of infiltrating immune cells in inflamed islets and by the extent to which proinsulin and insulin are co-localised within beta cells. We propose that these may represent disease endotypes and suggest that they are defined as type 1 diabetes endotype 1 (T1DE1) and type 1 diabetes endotype 2 (T1DE2). In advancing this proposal, we do not intend to imply that a simple dichotomy will ultimately be sufficient to account for the entire heterogeneity seen in people developing type 1 diabetes. Rather, it is probable that additional endotypes will be defined as further variables are considered. Nevertheless, the present results suggest that future therapeutic trials in type 1 diabetes should be designed to take account of the important aetiopathological differences that are now being revealed. This might be achieved most readily by noting the age at diagnosis. Specifically, we propose that children diagnosed in the earliest years of life may require different immunotherapeutic options vs those who are older at onset.

To verify the existence of endotypes of type 1 diabetes, we focused on the subcellular distribution of proinsulin and mature insulin in the residual beta cells present in individuals diagnosed with type 1 diabetes at different ages and related these to previously described immune phenotypes \[[@CR8]\]. This revealed that, among children developing the condition before the age of 7 years (CD20Hi phenotype; T1DE1) there is disruption of insulin processing. In almost all islets (and within all residual beta cells in those islets), significant quantities of the newly synthesised prohormone become co-localised with mature insulin. This situation contrasts markedly with that found in control individuals of equivalent age and in young people developing diabetes after the age of 12 years (T1DE2), where proinsulin was preferentially retained within a perinuclear compartment in most islets and was not co-localised with mature insulin. Thus, we have been able to define disease endotypes that segregate according to age at diagnosis and can be differentiated histologically by alterations in proinsulin processing and immune phenotype.

Measurements of serum proinsulin reflect the histological appearance {#Sec14}
--------------------------------------------------------------------

Importantly, we have also been able to correlate new clinical data with the histological findings (albeit in different individuals) to verify our conclusions. Notably, we found that although absolute stimulated C-peptide levels were reduced in the youngest individuals (diagnosed at age \<7 years), the ratio of serum proinsulin:C-peptide was elevated in these individuals since proinsulin levels in the circulation were maintained (ESM Fig. [2](#MOESM1){ref-type="media"}). This was true even when the individuals were studied more than 5 years after diagnosis. As such, these data are fully consistent with reports that circulating proinsulin levels are highest in children diagnosed below the age of 10 years who are studied at, or soon after, diagnosis \[[@CR10], [@CR11]\]. We also show that similarly aged control individuals have a much lower proinsulin:C-peptide ratio (Fig. [6](#Fig6){ref-type="fig"}), demonstrating that this is not an effect of age alone. Together, these data imply that, when considered alongside age at diagnosis, measurement of the ratio of proinsulin to C-peptide may represent a convenient biomarker to distinguish the endotypes defined here.

Our data fit with the emerging literature that detectable proinsulin, even in the absence of detectable C-peptide, can occur in type 1 diabetes of long duration \[[@CR16], [@CR17]\]. Steenkamp et al \[[@CR17]\] described 16% of patients with detectable proinsulin compared with Sims et al \[[@CR16]\] who reported 90% with detectable proinsulin. Our data fit most closely with the results of Sims and colleagues \[[@CR16]\]; however, differences in the analytical sensitivity of assays and in the cohorts may explain the difference between the studies \[[@CR16], [@CR17]\]. To aid comparison, and to inform future clinical studies of proinsulin, we have included the detailed method validation we undertook prior to using the assay in this study (see ESM Validation Method). Our data are also consistent with other evidence implying that the prohormone convertases and carboxypeptidase E involved in proinsulin cleavage may become downregulated in type 1 diabetes \[[@CR18], [@CR19]\]. The consequence of such changes is that, rather than being processed fully to yield mature insulin on emergence from the Golgi apparatus in nascent secretory granules, significant amounts of proinsulin persist. This accumulates with insulin and is released into the circulation upon granule exocytosis, leading to a measurable rise in the circulating proinsulin:C-peptide ratio.

The patterns of proinsulin processing seen in children diagnosed in the intermediate age group (7--12 years) support the existence of disease endotypes {#Sec15}
-------------------------------------------------------------------------------------------------------------------------------------------------------

The present conclusion that endotypes of type 1 diabetes exist has arisen from studies of individuals diagnosed with type 1 diabetes at the two extremes of our chosen age ranges. Therefore, it was important to also examine the pancreases of children newly diagnosed with type 1 diabetes between the ages of 7--12 years. These provided further important evidence for independent pathological processes since quantification of the extent of proinsulin--insulin co-localisation allowed this group to be divided into two separate populations. One of these mirrored the features found in the \<7 years group while the other had a profile equivalent to that found in those in the ≥13 years group. Importantly, despite being analysed in a blinded manner, all individuals segregated with their previously designated immune cell phenotypes (whether CD20Hi or CD20Lo; Figs [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}). Thus, we were able to establish that the pathological features seen in the pancreases of children diagnosed within the mid-range of ages (between 7--12 years) did not form a continuum but, rather, they segregated with the proposed endotypes.

These observations suggest that the aetiopathology of type 1 diabetes occurs by different pathways in very young children compared with those who are older at diagnosis. The first of these (T1DE1) involves a highly aggressive, hyperimmune attack in which most islets are inflamed and aberrant proinsulin processing occurs. This leads to the co-secretion of both unprocessed and mature insulin, such that the circulating ratio of proinsulin:C-peptide is unusually high. By contrast, a different endotype (T1DE2) is characterised by a reduced intensity of islet autoimmunity, the persistence of higher proportions of ICIs (each with greater numbers of beta cells) and a lower circulating proinsulin:C-peptide ratio.

Very recent data imply that children diagnosed with type 1 diabetes at \<7 years or ≥13 years may display differences in genetic predisposition \[[@CR20], [@CR21]\]; a finding that is fully consistent with our endotype hypothesis. It cannot be excluded, however, that the immune cell and proinsulin processing profiles could be influenced by other physiological changes occurring during development (e.g. the onset of puberty) rather than solely by a differing genetic architecture. In either case, it is abundantly clear that very different outcomes derive from the autoimmune process in children diagnosed with type 1 diabetes \<7 years vs those \>13 years.

Individuals with T1DE2 have two populations of islets {#Sec16}
-----------------------------------------------------

Clinical studies have shown that a significant proportion of people with type 1 diabetes continue to secrete insulin for many years beyond diagnosis \[[@CR22]--[@CR24]\], although this is rare in children diagnosed \<7 years (Fig. [5](#Fig5){ref-type="fig"}). In support of these findings, we have recently discovered that the rate of C-peptide decline seen early in the disease course is markedly attenuated, and effectively ceases, from about 7 years after onset \[[@CR25]\]. Thus, even people with very long-standing disease may retain ICIs which secrete small amounts of insulin \[[@CR6], [@CR26], [@CR27]\]. In view of this, we explored whether the aberrant pattern of proinsulin:insulin co-localisation seen at diagnosis is maintained in residual ICIs over time. Recent data from others \[[@CR19]\], as well as our current histological results, support this. We also noted that the proportion of islets in which proinsulin and insulin were co-localised was reduced in individuals with longer duration of disease, even among those who had been diagnosed initially before the age of 7 years (Fig. [4](#Fig4){ref-type="fig"}). This implies that the population of ICIs that persists in the longer term mainly comprises those islets that are least prone to the abnormalities of proinsulin processing reported here, and are spared preferentially during the autoimmune attack. Alternatively, it is also possible that individuals with more complete proinsulin processing at baseline have improved survival of beta cells overall, leading to higher numbers of residual insulin positive islets over time. Further studies will be required to resolve these possibilities.

Limitations {#Sec17}
-----------

We are aware that the current study has certain limitations; not least that the number of samples examined for proinsulin processing in each age group is small. However, we would emphasise that such studies are limited by the availability of suitably fixed and processed pancreas samples from people with recent-onset disease. Indeed, using a cut-off of 2 years post diagnosis and childhood onset of disease, very few suitable samples are available worldwide \[[@CR6]\] and we have studied the majority of these; which is a clear strength. Moreover, the differences in the immune cell and proinsulin processing profiles between the age groups is stark and provides compelling support for the existence of disease endotypes.

A second potential weakness is that many of the individuals with type 1 diabetes died in ketoacidosis (ESM Table [1](#MOESM1){ref-type="media"}), meaning that their islets were subject to metabolic stress. However, the fact that all individuals within the intermediate age range (7--12 years) died in diabetic ketoacidosis but their proinsulin profiles segregated precisely with their islet immune phenotype (Fig. [2](#Fig2){ref-type="fig"}) implies that these differences were unlikely to have been caused directly by the presence of diabetic ketoacidosis.

Third, we have not studied proinsulin processing in the pancreases of older adults at the onset of type 1 diabetes \[[@CR28]\]. We cannot, therefore, extrapolate beyond the childhood disease. This is important since a recent histopathological study has reported differences in islet cell proinsulin distribution in correlation with islet cell autoantibody status in adults who had not progressed to diabetes \[[@CR29]\] and heterogeneity in adult-onset autoimmune diabetes has been reported \[[@CR30]\]. Despite this, and in accord with our observations in people diagnosed in their teenage years, proinsulin was still clearly distinguishable within the perinuclear region of an islet of an adult with newly diagnosed type 1 diabetes who had undergone pancreatic biopsy \[[@CR29]\]. We should also note that, although we have occasionally seen individual beta cells in control islets that immunostain very strongly for proinsulin in the cytoplasm, the frequency at which these appear is much lower than that seen in the islets of children with type 1 diabetes (Fig. [2](#Fig2){ref-type="fig"}).

Implications of the study {#Sec18}
-------------------------

Importantly, age-dependent differences in both rates of C-peptide decline and drug responses have been seen in several clinical trials in type 1 diabetes \[[@CR2], [@CR31]--[@CR37]\] and this highlights the possibility of stratification according to age at diagnosis. Disease endotypes have also been inferred in separate studies of the temporal sequence of islet autoantibody seroconversion in The Environmental Determinants of Diabetes in the Young (TEDDY) study. In particular, a recent cluster analysis of TEDDY data implies that children who develop combinations of autoantibodies to insulin and islet antigen 2 (IA2) (with or without GAD65) within the first 2 years of life are likely to progress to diabetes within 5 years (i.e. before the age of 7 years) \[[@CR38]\]. Thus, it seems likely that these may correspond to children with the T1DE1 endotype defined here. Future therapeutic strategies will need to take account of such differences if they are to be effective.

Electronic supplementary material {#Sec20}
---------------------------------

ESM 1(PDF 565 kb)

Appendix {#Sec19}
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EADB

:   Exeter Archival Diabetes Biobank

ICI

:   Insulin-containing islet

MOC

:   Manders overlap coefficient

nPOD

:   Network of Pancreatic Organ Donors

T1DE1

:   Type 1 diabetes endotype 1

T1DE2

:   Type 1 diabetes endotype 2

TIGI

:   Type 1 diabetes, Immunology, Genetics and endogenous Insulin production

TEDDY

:   The Environmental Determinants of Diabetes in the Young

A list of members of the TIGI study team can be found in the Appendix.
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